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ABSTRACT 
The Effects of Osmotic Potential on Ammonification, 
Immobilization, Nitrous Oxide Production, and 
Nitrification Rates in Soil 
by 
Andrew P. Low, Master of Science 
Utah State University, 1996 
Major Professor: Dr. Lynn M. Dudley 
Department: Plants, Soils and Biometeorology 
An isotopic dilution method was used to test the effects of osmotic 
potential, (IJ' ,), upon nitrification, ammonification, N-immobilization, and nitrous 
ii 
oxide production rates in soil at solute concentrations encountered in Penoyer soil. 
A nitrification potential assay was also performed to approximate maximum 
nitrification rates. 
Nitrification potential rates in soil slurries exponentially declined in 
response to decreased osmotic potential. However, nitrification was independent 
of salt concentration at the ambient NIL+ concentrations of the soil. The 
differential response was attributed to the variable NIL+ substrate quantities. The 
effects of osmotic potential were secondary to NIL+ substrate levels in controlling 
iii 
nitrification rates. Ammonification rates declined exponentially as a function of 
decreased osmotic potential; however, the 33% reductions in ammonification rates 
were restricted to a range of osmotic potentials between 0 and -500 kPa. 
Ammonification rates were independent of osmotic potential at potentials between 
-500 and -1800 kPa. Immobilization rates of both NH/ and N03- declined 
exponentially as osmotic potential decreased. Absolute rates ofN03-
immobilization exceeded those of N~ • by a factor of 4, indicating that under 
N~+ limited conditions, substantial N03- assimilation occurred. However, the 
generalization that N~ + is the preferred N source was in fact supported by the 
data, where immobilization rates relative to the respective pool sizes clearly 
favored NH4 + assimilation. Nitrous oxide production rates increased linearly as 
osmotic potential decreased. An NH4 + dependence indicated the evolved N20 was 
derived from nitrification rather than denitrification. 
(91 pages) 
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INTRODUCTION 
The effects of high salt concentrations upon ammonification and 
nitrification rates have been investigated. Johnson and Guenzi (1963) found that 
high osmotic pressures inhibited minerai-N production. Harada and Kai (1968) 
showed that high salt and Ni-LJ + concentrations inhibit nitrification, but further 
noted that N02- oxidation was more markedly affected. Other work demonstrated 
that nitrification was retarded or completely inhibited depending upon the salt 
concentration (Sindhu and Cornfield, 1967; Singh et al. , 1969; Agarwal et al. , 
1971; Laura, 1974; Westerman and Tucker, 1974; Heilman, 1975; Gandhi and 
Paliwal, 1976; Laura, 1977; McCormick and Wolff, 1980; McClung and 
Frankenberger, 1985; Darrah et al. , 1987). Stark and Firestone ( 1995) showed that 
nitrification potential rates exponentially declined in response to decreasing 
osmotic potentials. However, all these previous works possessed one or more of 
the following problems in experimental design, which makes application of 
findings to field conditions difficult: (I) use of salts not specific to environmental 
condition; (2) artificial enhancement of nitrogen source pools above ambient 
levels; (3) estimating transformation rates based upon net changes in pool sizes. 
Utilizing a single salt or combination of salts that N-transforming 
microorganisms would not likely be exposed to in their respective environments 
assumes that microbial communities do not develop salt tolerance specific to 
environmental circumstances. However, Mahendrappa et al. (1966) concluded 
that measured temperature optimum fluctuates with climatic region and suggested 
that nitrifiers adapt to the predominant temperatures. It follows that similar 
microbial adjustments are likely for other environmental factors such as solute 
exposure. The use of nonspecific salts may result in greater reductions in 
microbial processes over what would normally occur in natural soils at equivalent 
potentials. Therefore, salt effects on nitrogen transformations may not be as 
distinct or severe as research findings employing such methodology would 
suggest. 
The elevation of source pool sizes may increase the rate of consumptive 
reactions such as ammonification or nitrification. Ambient levels of soil NRt + or 
organic matter were often amplified in previous studies with the addition of NH4 + 
salts or organic-N soil amendments. The artificial enhancement ofNH4 +and 
organic substrate concentrations may have resulted in the acceleration of 
nitrification and ammonification rates. The removal of another, perhaps stronger, 
environmental control would tend to promote the exhibition of a salt effect. 
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Nitrification rates were often measured by net changes in N03• 
concentration through time. This methodology assumes that microbial N03• 
immobilization is negligible. However, Rice and Tiedje ( 1989) found that 
microbial N03 • assimilation occurred even at high concentration of NH4 + substrate. 
Ammonium additions have been shown to increase No3• production (Johnson and 
Edwards, 1979; Lamb, 1980; Adams and Attiwill, 1982; Vitousek and Matson, 
1988; Montagnini et al., 1989). This is indicative of an NH4 + substrate limitation. 
NitrifYing bacteria are specifically dependent upon NRt + substrate to meet survival 
energy needs. This would necessitate a stronger affinity and thus sensitivity for 
NRt +_ Therefore, when nitrification is limited by NH4 + concentrations, the soil 
NRt + levels are not likely to support the potential growth of the entire microbial 
community. Many soils, particularly agricultural, possess quantities ofN03- far 
in excess ofNH/. Under the circumstances ofNH/ limitation and high N03- and 
orgainic-C availability, it is probable that hetertrophic microorganisms possess the 
capacity to utilize excess N03-. Therefore, under natural conditions NOJ-
assimilation may be significant, thus violating an underlying assumption. 
Isotopic dilution experiments were designed to test the effects of osmotic or 
solute potential, ('I',), upon nitrification, ammonification, N-immobilization, and 
nitrous oxide production rates in the Penoyer soil by simulating solute 
concentrations and N-pool levels likely to be encountered in nature. Isotopic 
dilution methods enable direct measurement of the gross rates of these reactions. 
Potential nitrification rates as a function of 'I', were also determined. This enabled 
the fitting of a Michaelis-Menten model in order to predict effects of NH/ 
substrate upon the nitrification versus 'I', relationships. 
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LITERATURE REVIEW 
The use of nitrogen fertilizers has come under close scrutiny as a potential 
contributor to environmental water quality degradation. Nitrate (N03-) , a highly 
mobile form of soil nitrogen, is an essential plant nutrient, and sustaining crop 
yields necessitates a steady supply. However, N03- in water systems is a 
pollutant, and its remedy comes at considerable expense. At issue are the direct 
physiotoxic effects of high levels in drinking water as well as indirect costs of 
removing microorganisms that proliferate in such waters. Fundamental to 
effectively managing N-fertilizer is an understanding of the soil nitrogen system. 
The status of nitrogen globally and within the soil will be reviewed. The 
discussion will consider key stages in the soil nitrogen cycle and the soil microbes 
that mediate certain processes. This review considers the magnitude ofN03-
contamination in the United States particularly with regard to groundwaters and 
explore potential human health hazards that may result from high incidence of 
N03- in domestic waters. The review will conclude with an examination of 
potential causes for contamination, and thus establish the purpose for the proposed 
research. 
Global Nitrogen 
Nitrogen is an abundant element. The earth's atmosphere, composed 
mainly ofN2, nitrogen gas, is a large pool of elemental nitrogen. Stevenson ( 1965) 
estimated that above an acre in the prairie lands of the United States exists about 
35,000 tons of elemental nitrogen. He further stated that in some soils of the Com 
Belt section of the United States, organically bound nitrogen was present in 
sufficient quantities to maintain a century of cropping without any external 
supplementation. 
Despite the seemingly plentiful reserves of nitrogen in the earth's 
atmosphere and soil organic matter, they constitute only a small percentage of the 
total nitrogen global distribution: 97.82% of the earth's nitrogen is crystalline and 
found in primary rock; the atmosphere only constitutes 1.96% of the total N 
(Stevenson, 1965). Paradoxically, despite the tremendous abundance of sources 
for elemental nitrogen, it is a limiting nutrient in soil systems, as well as many 
other natural systems. Understanding this apparent contradiction comes from 
study of the soil nitrogen system. 
Soil Nitrogen Cycle 
The soil nitrogen cycle is a complex network of biological and chemical 
processes. Transformations often have reverse pathways, and many of the 
transformation reactions are biologically mediated and are thus subject to a high 
degree of spatial and temporal variability. A schematic representation of the soil 
nitrogen cycle appears in Fig. I. 
Nitrogen Fixation 
The principal source of soil nitrogen is the atmosphere, which accounts for 
approximately 79.8% of air by volume (Stevenson, 1965). The bulk of the 
nitrogen entering into the soil system under natural circumstances comes from 
biological N-fixation, where nitrogen gas is transformed to NH3 or NH.t + and then 
5 
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Fig. I. The nitrogen cycle modified from Payne (1981). 
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assimilated into the biomass of the organism. The phenomenon ofN-fixation, 
while critical to the existence of all living organisms, is performed by a very small 
percentage of life forms . Only a few microorganisms are capable of growing 
without an external fixed nitrogen source (Payne, 1981 ). Diazotrophs are 
organisms that grow at the expense of N2• All organisms capable of nitrogen 
fixation are free-living bacteria, symbiotic bacteria, or cyanobacteria (Stevenson, 
1965). Among the free-Jiving bacteria, Azotobacter and Clostridium are the best 
known and most widely distributed (Stevenson, 1965). Clostridium, an anaerobic 
nitrogen fixer, is the more pervasive of the two; clostridia exist in a wide pH range 
within soils and are usually found in greater abundance (Alexander, 1961). 
Azotobacter, a saprophytic aerobe, is generally more biologically active inN-
fixation and maintains a higher N-fixation to carbohydrate efficiency (Alexander, 
1961). Other free-living nitrogen fixers , such as Beijerinckia, Rhodospirillium, 
Chlorobium, and others, have been identified, but their ecological significance is 
not well understood (Alexander, 1961). Rhizobia are bacteria that can form 
symbiotic relations with some higher plant species. Rhizobia, in such associations, 
assimilate nitrogen at higher rates than free-living bacteria (Stevenson, 1965). 
Cyanobacteria-bacteria, like Anabaena, Aulosira, Nostoc, and others, are common 
in well drained soils but are of greater significance in aquatic systems (Alexander, 
1961). 
Examination of the thermodynamics ofN-fixation may explain why so few 
organisms possess this ability. The Gibbs free energy (~G) of a reaction is equal 
to the sum of the changes in enthalpy (~H) and entropy (L'iS) for the reaction. 
Ammonium and N03- production from N2 are favored as exhibited in negative 
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values of t.G, t.G°F -16.48 kJ mor1 and t.G0r= -111.29 kJ mor1 (Payne, 1981). 
However, examination of enthalpy changes for precursors, namely N2, shows 
formidable energy barriers to their production in the strongly positive L'.H values, 
t.H0 f(NH3)= +330.56 kJ mol"
1 
and t.H"r(Nof +90.37 kJ mor1 (Payne, 1981). 
Nitrogen gas is the most stable diatomic molecule known; its disassociation 
requires an expenditure of 941.4 kJ mor1 (Payne, 1981 ). Alexander ( 1961) 
estimated that between 50 and 200 mg of carbohydrate must be expended to 
assimilate I mg ofN2. It appears that the costs of N-fixation are simply too great 
for most organisms, and they thus become dependent upon those organisms that do 
fix nitrogen and subsequent cycling of fixed N for their nitrogen source. 
Organic Nitrogen 
Within the soil itself, the vast majority of nitrogen is held in a large pool of 
organically bound nitrogen. Over 90% of the nitrogen in most surface soil is 
organically combined (Bremner, 1965). Studies have shown that 20 to 40% of the 
total nitrogen in surface soils is in the fonn of bound amino acids (Kojima, 1947; 
Bremner, 1949; Stevenson, 1954, 1956; Young and Mortensen, 1958), and that 
from 5 to I 0% is in the form of combined hexosamines (Bremner and Shaw, 1954; 
Stevenson, 1957; Sowden, 1959; Keeney and Bremner, 1964). The remainder of 
the organic nitrogen forms is largely uncharacterized, but it is suspected that much 
may be associated in recalcitrant organic complexes with substances like lignin or 
aromatic hydrocarbons (Bremner, 1965). 
Organic nitrogen within soils possesses different accessibility relative to the 
microbial organisms that digest it. Free organic nitrogen refers to organic matter 
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in chemical form readily acted upon by microorganisms. However, there is 
increasing evidence that some organic nitrogen compounds can adsorb to soil 
surfaces, which effectively prevents enzymatic hydrolysization of the bonds within 
the molecule (Smith, 1982). 
Still, other organic-N compounds react to form complex condensates where 
amino acids are shielded from attack in the large molecules (Smith, 1982). 
Condensation is thought to be the primary mechanism for the persistence of 
organic nitrogen in soils. Dating experiments have shown that little of the total 
organic-N in soils is mineralized per century (Smith, 1982). F01ms of condensed 
organic-N are far more resistant to microbial activity; however, these associations 
are not absolutely resistant. Eventually microbial activity will gradually return 
these to the free organic pool. 
As was previously stated, global concentrations of nitrogen are tremendous, 
and yet the nitrogen content of a soil ranges from less than 0.1% to as high as 2% 
of the total weight in soil (Stevenson, 1965). Moreover, most soil nitrogen is in a 
form that may be physically protected and unavailable to soil microbes. Organic-
N is not commonly used by plants as a nutrient source. The fundamental cause of 
the limitation of nutrient-N while abundant in nature is specificity (Payne, 1981 ). 
Despite the critical role of nitrogen in the formation of proteins, nitrogen is 
assimilated by plants and microbes almost entirely in its inorganic states, N03- or 
NH/ (Alexander, 1961 ). 
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Inorganic Nitrogen 
Inorganic-N in soil represents only a small fraction of the total nitrogen and 
is the pool most subject to rapid changes (Harmsen and Kolenbrander, 1965). 
Most inorganic-N forms are soluble in water and trans) ocate readily with water; 
they are immobilized quickly by adsorption to clay particles and assimilation by 
plants and microbes (Harmsen and Kolenbrander, 1965). Inorganic-N is generated 
in soils from organic reserves by a series of microbially mediated processes, cast 
under the general heading of mineralization. Critical to the quantities of 
inorganic-N released by mineralization is the C:N (carbon to nitrogen ratio) of the 
organic substrate. Most microbes possess lower C:N ratios than the substrate upon 
which they act. As decomposition of the organic fraction proceeds, carbon is 
utilized for energy and for the accumulation of biomass. Liberated nitrogen is 
immediately assimilated, producing a zero net gain or even a net depletion of 
inorganic-N (Harmsen and Kolenbrander, 1965). A net gain of inorganic nitrogen 
occurs only after the C:N ratio is sufficiently reduced, creating an excess to that 
being incorporated by the microorganisms (Harmsen and Kolenbrander, 1965). 
Ammonification 
Ammonification is carried out by a tremendous number and variety of 
microbial organisms. Ammonification is the microbial decomposition of organic-
nitrogen compounds producing NH3 or NH4 • . Soil microbes, representing fungi, 
bacteria, and actinomycetes, actively participate in the decomposition process. 
Some act in a very general sense upon a multitude of substrates, while others are 
substrate specific. The specific products of the process will vary with the 
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particular decomposed substrate or with the organism, but generally the products 
are C02, energy, assimilated proteins and carbon, excess NH4 + or NH3, and other 
organic and inorganic solutes (Bartholomew, 1965). Ammonium is the most 
reduced form of nitrogen. If it were the terminal product of mineralization, very 
little nitrogen would be lost from the soil nitrogen system because of its rapid 
assimilation and adsorption to soil particles (Payne, 1981 ). Ammonium, however, 
is not the end product. 
Nitrification 
Biological oxidation ofN~ +to N03- is known as nitrification and can be 
summarized by the equation: 
NH/ + 202 --+ N03- + 21r + H20. [Eq. I] 
However, nitrification is generally characterized by a two-step process where 
cationic N~ + salt is oxidized to N02-, which is in turn oxidized to form N03-
(Alexander, 1961 ): 
NH/ + 3/202 -+ N02- + 21r + H20 and 
N02- + 1/202--+ NOJ-. 
[Eq. 2] 
[Eq. 3] 
The energy released from the first reaction equals 276 kJ g·1-N and 75 .3 kJ g-1-N 
from the second (Alexander, 1961 ). 
Nitrifying Bacteria 
The principal microorganisms involved in nitrification are 
chemolithotrophic bacteria. Those involved in the oxidation ofNH/ to N02- are 
Nitrosomonas, Nitrosococcus, and Nitrosospira, and the bacterium that oxidizes 
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N02- to N03- is Nitrobacter (Alexander, 1961 ). The nitrifying lithotrophs obtain 
aU of their energy from the oxidation ofN~ +or N02-, and they generally lack the 
ability to oxidize carbon or any other inorganic source for energy (Alexander, 
1965). Their carbon skeleton is completely derived from the reduction of C02• 
These obligate aerobes derive all of their nutrition from inorganic sources 
(Alexander, 1961 ). Alexander (1961) stated that the metabolic complexity of 
these organisms must be great since the bacteria are capable of synthesizing from 
inorganic materials all enzymes and other factors oflife. 
Along with the chemolithotrophs, some heterotrophic fungi, actinomycetes, 
and bacteria perform nitrification. Among such organisms recognized are 
Pseudomonas spp., Corynebacterium simplex, Nocardia spp., Aspergillus jlavus, 
Streptomyces spp., Mycobacterium rubrum, Bacillus spp., and Vibrio spp. 
(Alexander, 1961 ). With the exception of Aspergillus jlavus, all other oxidation 
processes proceed no further than N02-. Nitrite synthesis in these cases is simply 
the removal and oxidation of organically bound nitrogen already in an oxidized 
state, and lacks the reduced intermediates of chemolithotrophic nitrification 
(Alexander, 1961). Heterotrophic nitrification is far Jess active than 
chemolithotrophic, and requires substrates possessing relatively high nitrogen 
contents with C:N ratios of less than 10 (Alexander, 1961 ). Heterotrophic 
nitrification may be ecologica11y significant under acidic conditions; however, the 
chemolithotrophs are the major contributor in aerobic soils (Payne, 1981 ). 
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Denitrification 
Denitrification is one potential pathway for N03- to be removed from a 
system. Denitrification is the biological reduction ofN03- or N02- to N20 or N2. 
Denitrification is carried out by facultatively anaerobic microorganisms, which in 
the absence of 0 2 are capable of using N03- as a terminal electron acceptor during 
respiration (Broadbent and Clark, 1965). Denitrification occurs in soils under 
anaerobic conditions or in micro-sites of02 limitation caused by diffusional 
constraints (Broadbent and Clark, 1965; Firestone, 1982; Knowles, 1982). When 
0 2 is limiting, respiration and thus energy production are diminished, but the 
possession of a denitrif)ting capability allows some organisms to survive periods of 
0 2 deprivation (Daniel et al. , 1980). 
A diverse array of microorganisms is capable of denitrification. Haynes 
and Sherlock ( 1986) stated that approximately 20 genera of bacteria were reported 
as having the capacity for denitrification, which included heterotrophic and 
chemolithotrophic forms as well as some N-fixers. The pathway ofN03-
reduction was characterized by Haynes and Sherlock ( 1986) as 
(+2) 
--+ NO 
(+ I) 
--+ NzO 
(0) 
--+ Nz [Eq. 4] 
Most denitrif)ting bacteria possess all of the enzymes necessary to reduce N03- to 
N2; however, some lack enzymes in the sequence for the full transformation to 
occur. Moreover, enzymes involved in the reduction ofN20 to N2 are inhibited by 
0 2 (Krul and Veeningen, 1977; Betlach and Tiedje, 1981) or N03- (Rolston, 1981 ) 
in high concentration, resulting in a higher mole fraction ofN20 to N2 being 
evolved (Haynes and Sherlock, 1986). This is significant in that N20 reacts in the 
stratosphere forming NO, which contributes to the breakdown of 0 3, or 
stratospheric ozone (Crutzen and Ehhalt, 1977). Haynes and Sherlock ( 1986) 
reviewed chemo-denitrification (non-biological denitrification), which may also 
account for losses ofN02- from soil systems. 
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The extent of N-losses from soil systems due to denitrification is variable 
and dependent upon environmental conditions. Soil aeration will affect the 
denitrification process (Payne, 1973 ; Stouthamer, 1976). Soil aeration is largely a 
function of moisture content of the soil (Haynes and Sherlock, 1986). 
Denitrification rates have been correlated with available soil organic-C 
concentrations (Bremner and Shaw, 1958; Burford and Bremner, 1975; Stanford et 
al., 1975; Reddy et al., 1982). Haynes and Sherlock (1986) correlated 
denitrification rates and N03- supply, NH4 + or NH3, pH, temperature, flora, fauna, 
and farm practices. Colbourn and Dowdell (1984) reported N-loss by 
denitrification ranging from 0 to 20% of applied fertilizer-N for cultivated soils 
and between 0 to 7% for grassland soils. Denitrification is thus one process 
whereby significant amounts of soil N03- are removed, depleting soils ofnutrient-
N. 
Importance of Nitrate 
The formation ofN03- during nitrification is of fundamental importance 
within soils for many reasons. While many microorganisms readily assimilate 
NH/-N, many of the higher plants preferentially assimilate N03--N (Viets, 1965). 
For the most part, plants are dependent upon passive processes to bring nutrients 
to root surfaces. Nitrate moves readily with soil water. The movement ofNH4 +is 
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retarded by interaction with negatively charged clay (Gardner, 1965). This may 
explain the preferential assimilation observed in many higher plants. 
Nitrate mobility has profound ecological effects. The availability of 
nutrient-N often limits plant and microbial growth and thus the productivity of the 
system. Because N03• moves with water, N03" leaching below the root zone can 
be significant in nutrient-N loss. The problem ofN03"leaching is intensified in 
crop systems, where tillage reduces soil organic matter concentrations and thus 
organic-N reserves (Stevenson, 1965). Sustaining crop yields requires that N-
fertilizers be applied as either NH4 + or N03" salts. Because of nitrification, NoJ· is 
the ultimate end product and may be leached from the system. 
Nitrate leached from the agricultural lands may eventually enter the 
groundwater systems, or it may move through runoff to surface streams, reservoirs, 
and lakes. Nitrate is the most common groundwater contaminant, and because of 
growing agricultural sources, N03• pollution is increasing (Freeze and Cherry, 
1979). Nitrate can lead to eutrophication of surface waters or ground waters 
brought to the surface (Korom, 1992). Increased algal growth clogs filters in water 
treatment facilities and can give water undesired tastes and odors (American 
Chemical Society, 1969). The cost for the removal ofN03- from a municipal 
water system that treats about I 00,000 gallons of water per day in 1985 in Iowa 
was approximated at $1.00 to $1.50 I 000gar1 (Houck et al., 1985; Rajagopal and 
Tobin, 1989), translating to a cost of$36,500 to $54,750 annually for N03• 
treatment alone. 
When present in domestic water, N03• can cause deleterious effects to 
humans. Methemoglobinemia is a disease associated with high N03• 
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concentrations in drinking water (Council for Agricultural Science and 
Technology, 1983). The disease results from N03- reduction to N02- by bacteria 
in the stomach; once in the blood stream the N02- serves to oxidize the ferrous 
iron form of hemoglobin to the ferric form, which lacks the ability to bind oxygen 
(CAST, 1983). In humans, this disease rarely affects the adult population, but 
rather, it acts upon infants below age 5. Infants are susceptible because their 
stomachs lack the necessary acid to deter the effects of the damaging N02- (CAST, 
1983). However, the use of bottled water and medical remedies has made the 
disease incidence rare since the late 1940's (CAST, 1983). 
More recently studies have explored the possibility ofN03- contributing to 
the production of carcinogenic N-nitroso compounds and the potential for causing 
gastric cancers. The World Health Organization ( 1985) found that endogenous 
nitrosation may constitute another human health risk of increased dietary N03-
intake. In the oral cavity, microbial activity reduces N03- to N02-. The N-nitroso 
carcinogenic compounds may then be synthesized in the stomach from reingested 
N02- and secondary amines (Kleinjans et al. , 1991). Epidemiological studies have 
yielded contradictory results with respect to increased cancer risks resulting from 
high N03- intake. Several investigators have found no correlation or even a 
negative correlation between increased N03- intake and gastric cancers (Davies, 
1980; Forman et al. , 1985; Beresford, 1985; Al-Dabbagh et al., 1986). 
Conversely, other studies have found positive correlation (Jensen, 1982; Harman, 
1983; Gilli et al., 1984; Dutt and Lim, 1987). Scragg et al. (1982) found that 
elevated N03- levels in groundwater may cause fetal malformations. Moller et al. 
( 1989) concluded that N03-levels of 50 mg/1 or higher can be correlated with 
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increased exposure of endogenously produced N-nitroso compounds. Rajagopal 
and Tobin (1989) stated that of the more than 100 N-nitroso compounds tested on 
animals, 75 to 80% were found to be carcinogenic. This apparent contradiction of 
scientific findings prevents definitive determinations of the potential role ofNOJ-
as a carcinogen. 
Significance of Nitrate in Groundwater 
Groundwaters in particular are susceptible to N03-loading. Unlike surface 
waters that have little contact with sediment, groundwater is supplied by waters 
that slowly percolate through the vadose and saturated zones. Groundwater serves 
as the domestic water source for 90% of the rural population and about 50% of the 
total population of the United States and accounts for 75-80% of the irrigation 
water supply (Power and Schepers, 1989). Of 123,656 groundwater wells tested 
in the United States over a period of 25 years by the U.S. Geological Survey, 
nearly 20% showed N03--N concentrations of greater than 3.0 mg L-1 and 6.4% 
greater than I 0 mg L -I (Madison and Brunett, 1985). Wells of greater than I 0 mg 
L-1 N03--N are classified as highly contaminated while those falling between 3 and 
10 mg L-1 N03--N are suspected of being influenced by human activity (Power and 
Schepers, 1989). Kansas showed 54% of I, 140 wells tested to be greater than 3.0 
mg L-1 N03--N and 20% greater than 10.0 mg L-1 N03--N. Utah found 10.4% of 
3,301 wells greater than 3.0 mg L-1 N03--N and 2% greater than 10.0 mg L-1 N03--
N (Madison and Brunett, 1985). Among the possible contributors to the N03-
burden in groundwaters are geologically stored pools, NH3 volatilization in 
combustion and precipitation in rainwater, cultivation and tilling enhancing 
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mineralization of organically bound nitrogen, animal wastes, and fertilization and 
leaching (Power and Schepers, 1989). Though some of the affected wells may be 
attributed to other causes, many were underirrigated lands in the com belt and 
semiarid and arid irrigated lands of the west (Power and Schepers, 1989). 
Groundwaters lying below irrigated agriculture are susceptible to N03-
contamination for several reasons. Irrigated farmlands generally overlie relatively 
shallow aquifers. Nearly half of the wells affected by N03- in the aforementioned 
study were in ground waters shallower than 30 m, and only approximately one in 
ten were in groundwaters deeper than 90 m (Power and Schepers, 1989). 
Irrigation demands are largely satisfied by groundwater, and irrigation water is 
commonly pumped from shallow groundwater sources where economic constraints 
are minimal. Because of the potential for salt loading in semiarid or arid regions, 
leaching is essential to maintain crop yields. Unless excess water is intercepted by 
drains, the leaching fraction is ultimately released below the root zone where it 
migrates to groundwaters below (Power and Schepers, 1989). The leaching 
fraction is the ratio of applied irrigation water versus water lost in 
evapotranspiration. When irrigation exceeds the crop' s demand for irrigation, the 
leaching fraction is greater than zero and leaching may occur. Continued leaching 
depletes the root zone ofinorganic-N and increases the need for fertilization. 
Nitrogen applied in excess of crop demands moves with the leaching fraction to 
the aquifer below. 
In 1984 the U. S. Environmental Protection Agency issued the Groundwater 
Protection Strategy, recognizing agricultural pesticides and fe1tilizers as potential 
sources of contamination (US EPA, 1984). The strategy developed a three-tiered 
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classification system for evaluating factors affecting groundwater quality 
(Fletcher, 1991 ). Class I groundwater is characterized as an irreplaceable source 
of drinking water to a substantial population or as ecologically vital; Class II is 
classed as a current or potential source of drinking water; and Class III is 
groundwater that, due to natural salinity or widespread contamination, is extremely 
unlikely to be used as drinking water (US EPA, 1984; Fletcher, 1991 ). Section 319 
of the amended Clean Water Act in 1986 required states to assess surface waters 
needing additional controls on non-point pollution sources and to develop 
programs and schedules to implement such controls, and encouraged like treatment 
for groundwater assessments (Fletcher, 1991 ). An amendment in 1987 to the Safe 
Drinking Water Act created the Wellhead Protection Program authorizing states to 
petition for federal moneys for programs designed to protect wells or well fields 
that contribute to public water supply systems (Fletcher, 1991 ). There has also 
been legislation at the state level moving toward more rigorous control of non-
point pollutants. Fletcher (1991 , p. 16) stated that whi le the forrn future programs 
will take is uncertain, "it is already clear that N03- contamination from agricultural 
activities will not be immune to the increasing public demands for groundwater 
protection." 
Objectives of the Research 
One proposed method of limiting the movement of non-point contaminants 
from irrigated agriculture to groundwaters is a minimum leaching approach. Such 
a management practice has been employed for 15 years on farmland irrigated by 
wastewater from an electrical power plant in Huntington, Utah. Irrigation water is 
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supplied to meet transpiration needs only, and thus there is no net leaching of 
water below the root zone. A computer model, SOW ACH (Dudley and Hanks, 
1991 ), which integrates soil-water transport, solute transport, salt chemistry, root 
growth, transpiration, crop cover development, and osmotic effect on water 
extraction by roots, was designed to estimate accumulation in salts in response to 
this water management strategy. The model successfully predicted the rate of salt 
accumulation during a I 0-year period (Dudley and Hanks, 1991 ). The model has 
predicted that yields may be sustained for long periods of time without leaching. 
Salts and N03" accumulate in the lower portion of the profile. Eventually natural 
processes or controlled leaching will flush the salts from the rooting profile. The 
question then arises as to whether the minimum leaching approach will reduce the 
total N03• load released to groundwater over periodic leaching schemes. At 
present, models cannot predict this, for it is unknown how the crop and 
microbially mediated reactions of the nitrogen cycle will be specifically affected 
by increased osmotic pressures. Mathematical models incorporating the effects of 
increased salinity on N-dynamics would serve as a good tool for the evaluation of 
different irrigation and fertility management approaches. 
The primary objectives of this investigation are: 
I. To study the effect of osmotic potential upon soil ammonification. 
2. To study the effect of osmotic potential upon soil immobilization. 
3. To study the effect of osmotic potential upon soil nitrification. 
4. To study the effect of osmotic potential upon N20 gas production. 
5. To use data from the above to fit parameters to existing models for N-
transformation. 
These parameters will be used in a parallel study to create a new site-specific 
model for simulating N-dynamics in soils. 
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MATERIALS AND METHODS 
Two laboratory experiments were conducted in order to obtain the 
necessary data for parameter estimation. The first was a 15N isotopic dilution 
experiment designed to measure the actual rates of ammonification, 
immobilization, and nitrification as a function of osmotic potential while closely 
approximating equilibrium salt conditions found in field. Gaseous losses ofN20 
were also quantified. The second experiment was a nitrification potential assay 
where nitrification rates in response to osmotic potential at high substrate 
concentration were determined. 
15N Isotopic Dilution Experiment 
The experiment measured gross ammonification, immobilization, and 
nitrification rates at six osmotic potentials approximately equal to 0, -200, -400, 
-600, -1000, and -1700 kPa. Salt solutions containing 15N were mixed with soil to 
produce two sets of three replicate samples for each of the six osmotic potentials. 
One set was enriched with 15NH/ and the other with 15N03- and used for the 
ammonification and nitrification rate determinations, respectively. Immobilization 
was determined by the difference between gross NH4 + consumption and predicted 
nitrification rates. 
Penoyer soil was collected from the upper 15 em of fescue plots at the 
Hw1tington Research Farm, Huntington, Utah. Gravel and coarse organic matter 
were removed with a 2-mm sieve, and the soil was frozen for storage. A moisture 
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release curve (Fig. 2) was determined for the soil by pressure plate (Klute, 1986) 
and the initial gravimetric moisture content (6m) was measured (6m= 0.174) 
(Gardner, 1986). The initial NH/ -N and N03--N concentrations of the soil were 
measured colorimetrically using a LACHA TTM flow injection auto-analyzer and 
found to equal 2 and 14 mg-N kg-1, respectively. Solutions were made containing 
either 2 mg 15NH/ -N or 14 mg 15N03--N per 10 mL, such that the addition of2 
mL to 200 g dry soil would effectively double the concentrations. SOW ACH 
(Dudley and Hanks, 1991), a soil-water-chemistry model, simulated evaporative 
concentration of the saturation extract compositions of Penoyer soils to determine 
equilibrium concentrations of salts necessary to produce the desired osmotic 
p01entials (Table 1). The composition of salt solutions added to the soil accounted 
for dilution by the initial soil water. A dilution factor of3.793 was determined by 
dhiding the desired moisture content (0.25) by the difference in the desired 
moisture content and initial soil moisture plus offset for 15N addition (0.25-0.184). 
Because all of the predicted levels of CaS04 were near the gypsum saturation 
point, attempts to counter dilution would produce gypsum supersaturation. 
Therefore, CaS04 was added as additional MgS04. The required salts appear in 
Table I . 
In a plastic dish, 13.2 mL of salt solution and 2 mL of either the 15NH/ -N 
or ·5N03--N solution were mixed with 200 g of dry weight soil (234.8 g wet 
weight). A thermocouple psychrometer was used to determine the initial water 
potential of several subsamples (Rawlins and Campbell, 1986). Three replicate 
50-g subsamples were transferred to sample containers, and a 12.5-g subsample of 
each was extracted in 100 mL of2 M KCI. Another 5-g sample was collected for 
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Table 1. Predicted equilibrium salt concentrations for 5 different osmotic 
potentials taken from the model SOWACH, and the required salt 
concentrations necessary to account for dilution effects when added to 
background soil water. 
MODEL PREDICTIONS REQUIRED SALTS 
\f', Ca Mg Na so4 Cl NaCI Na2S04 MgS04 
KEa mmoiL-1 mmoiL- 1 
-201 9.63 16.20 26.43 29.86 19.60 74.34 12.95 97.98 
-403 11 .25 28.67 63.49 50.69 50. 14 190.19 25.32 151.42 
-607 10.53 41.54 102.76 71.68 83.20 315.59 37.10 197.5 1 
-1005 9.37 71.04 177.10 120.91 145.92 553.49 59.13 305.00 
-1687 8.16 129.00 302.15 213 .39 249.47 946.26 99.91 520.26 
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Fig. 2. Moisture release curve determined by pressure plate for Penoyer soil. 
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9m determination. The sample container was then placed into a 1-L air tight jar 
containing 5 rnL of distilled water on the bottom, which served to saturate the air 
and prevent drying of the sample. 
At 24 hours, the needle of a syringe was inserted through a rubber septum 
in the lid of the jar. Air was drawn and released several times to ensure mixing. A 
50 rnL volume was sampled and transferred to an evacuated tube. Thereafter, the 
cap was removed periodically to prevent C02 accumulations. Nitrous oxide 
concentrations were determined on a VarianTM gas chromatograph with a Porapak 
80/100 mesh column and an electron capture detector at 375°C. 
The cap of the jar was removed after 48 hours, and a 12.5-g subsample was 
placed in I 00 rnL of a 2-M KCl solution. Water potential and em were determined 
on separate subsamples. Remaining soil was placed in a 50-rnL centrifuge tube 
and a sample of the soil solution was extracted by immiscible displacement using 
I, I, I Tri-Chloroethane as the solvent (Whelan and Barrow, 1980). This process 
was repeated for each of the six osmotic potentials for both 15NH/ -N and 15N03·-
N treatments. 
The 2-M KCl extracts were filtered through prewashed Whatrnan No. 
filter paper. The NHt + and N03• concentrations were analyzed using a 
LACHA PM flow injection autoanalyzer. For isotope analysis, a volume of the 
extracted solutions was placed into a specimen container along with an acidified 
filter paper disc sealed in Teflon tape (Stark and Hart, submitted). The solution 
was made alkaline by the addition ofMgO, and the container was sealed. The 
NHt + was converted to NH3 by the increased alkalinity, which volatilized and 
condensed upon the disc. Solutions containing 15N03• were treated similarly 
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except that the addition of MgO was preceded by the addition of Devarda's alloy, 
which reduced N03- to NH/ (Hart et al. , 1994). The discs were analyzed with a 
EuropaT" ANCA, automated N-C stable isotope-ratio mass spectrometer in order 
to determine the percent 15N enrichments. Gross ammonification and nitrification 
rates were determined by the isotope dilution equations of Kirkham and 
Bartholomew (1954). 
Analysis of the 2-M KCI extracts yielded Nfit +concentrations on a soil 
mass basis; however, assuming all soil Nfit + to be in solution would be incorrect 
because of its propensity for the exchange. CHEMSUB, the chemical subroutine 
ofSOWACH (Dudley and Hanks, 1991), was used to predict the NH/ in solution. 
The Nfit + selectivity coefficient, ~114 ), was assumed to equal the K+ selectivity 
coefficient for this soil (Robbins, 1980). The validity of this approximation was 
tested by systematically changing input salt compositions and/or exchange 
coefficients. 
Nitrification Potential Assay 
A second experiment consisted of a nitrification potential assay. The 
response of the nitrification rate to osmotic potential was determined at high 
substrate Nfit + concentration. The resulting nitrification potential data were used 
along with nitrification rate data from the previous experiment to determine 
Michaelis-Menten constants. 
Two series of salt solutions were prepared for use in measuring potential 
nitrification in response to increasing osmotic potential. The first consisted of 
eight K2S04 solutions of increasing molarity: 0, 0.075, 0.15, 0.225, 0.3, 0.375, 
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0.49, and 0.6 mol L"1• These corresponded to measured osmotic potentials of -77, 
-530, -811,-1124, -1458,-1861 , -2556, and -3215 kPa. The second consisted of 
twelve mixed-salt solutions with desired'¥, values ofO, -100, -200, -300, -400, 
-500,-600,-800,-1000,-1200,-1500,-1700, -2000, and -2400 kPa. The 
composition of the mixed-salt solutions was determined by extrapolating between 
predicted compositions ofthe 15N trial (Table 1). Two replicates of99 mL of each 
of the respective salt solutions were placed into 250-mL Erlenmeyer flasks. 
Between 1.4 and 1.2 mL of a 50 mmol L-1 (NH4)2S04 solution was added to each 
flask. The addition of total NH/ to the soil-slurry caused NH/ to move onto 
exchange sites. Increased competition of salts caused less NH4 + to be adsorbed at 
more negative'¥, values. Therefore, progressively less NH/ was added to higher 
salt treatments to maintain a consistent concentration of solution NH4 + . Several 
subsamples were used for 9m determinations, then II. 7 g of sieved Penoyer soil 
was added to each flask. The soil slurries were placed on orbital shakers at 180 
rpm to prevent the solutions from becoming anaerobic. The pH was monitored 
periodically. For the mixed salts, all slurry pH values were well buffered at 8.0. 
Similarly, pH values were well buffered for the K2S04 salts with the exception of 
the two highest concentrations, which required a one-time adjustment with H2S04. 
At time intervals of 2, 4, 22, and 24 hours, 9 mL of each slurry was drawn off and 
placed in a 50-mL centrifuge tube. The subsamples were centrifuged at 3396 g for 
5 minutes. Approximately 5 mL of the supernatant was removed and analyzed for 
both N03--N and NH/ -N concentrations using LA CHAT colorimetry. The 
concentrations were converted to a soil weight basis by multiplying solution 
concentrations by the ratio of solution volume to the mass of the dry weight of the 
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soil. The slope of a regression equation ofN03--N concentrations versus time 
yielded an estimate of the nitrification rate. 
Replicate sample water potentials ('l' w) determined by thermocouple 
psychrometry were averaged within salt treatments for both the 15N and 
nitrification potential experiments. Because psychrometer readings often 
fluctuated, it was believed that the average values better approximated the actual 
potentials than the individual data. For the 15N experiments the averages included 
the means of the initial and ending potentials were recorded. Because no 
statistical differences existed between the 15N03- and 15NH/ treatments with 
regard to soil moisture, measured 'l' w or measured solution salt concentrations, all 
of the measured 'l' w values were averaged to yield a single 'l' w estimate for each of 
the six 'l', treatments (Tables A I and A2). 
Estimates of matric potential ('!' m) from tensiometers showed that at 8m = 
0.243, 'I'm= -38 kPa (standard deviation= 5 kPa). The mean'!'., was subtracted 
from each of the 'l'w estimates to yield 'l', values of -62, -251 , -423 , -633, -978, 
and -1761 kPa, which were applied throughout in the evaluation of the 15N data 
(Table AI). 
Data and Model Fitting 
Gross ammonification, nitrification, and immobilization rates were plotted 
as a function of osmotic potential. Nonlinear regression techniques were used to 
fit equations to each plot. The equations used were of the general form: 
k =a+ bec'l's (Eq. 5] 
where k is the transformation rate, If', is osmotic potential, and a, b, and c are 
empirically determined parameters. Stark and Firestone ( 1995) found this 
exponential decay pattern to represent the relationship of nitrification rates as a 
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function of osmotic potential. Similarly, Harris ( 1981) showed that organic matter 
breakdown in response to decreasing water potential followed an exponential 
decay pattern. 
The nonlinear equation and model fitting were done using Solver, an 
iterative optimizer tool, from Microsoft Excel version 5.0. Solver iteratively 
adjusted parameters of a model equation so as to minimize the residual sum of 
squares of the model versus data points. This was particularly useful in fitting data 
to a Michaelis-Menten model, because it enabled the simultaneous consideration 
of two independent variables, NH/ concentration and If', as shown in equation 7. 
The model followed the form of Michaelis-Menten kinetics: 
k = vm .. ·s 
K,. + s 
[Eq . 6] 
where k is the rate velocity, Ymax is the maximum velocity, Sis the substrate 
concentration, and Km is the substrate concentration where half of the maximum 
velocity is achieved. Ammonium and If', were incorporated into the model to 
yield: 
[Eq. 7] 
where V N is the rate of nitrification, V max has been replaced by equation 5, NH4 + is 
the substrate concentration in ~mol L-1 and K., and a and bare constants 
determined by fitting the data. 
30 
The resulting R2 values for both data and model fitting were calculated 
from the equation 1-RSS/TSS, where RSS equaled the residual sum of squares and 
TSS was the total sum of squares from the mean. 
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RESULTS AND DISCUSSION 
'¥, Effects on Nitrification Rates 
Both the mixed salt and K2S04 salt treatments exhibited an exponential 
decline in nitrification potential rates as '¥, grew increasingly negative (Fig. 3) 
(Tables A3 and A4). A single equation was fitted to both data sets and tested 
against individual models for each data set. This was done by using a nonlinear 
technique (Robinson, 1985) where comparisons are made based upon the ability of 
additional parameters to reduce residual sum of squares. Separate mixed salt and 
K 2S04 models significantly improved prediction over the equation fit to both data 
sets, p=0.0002 and p=0.0007, and thus represent two different and distinct 
responses. The models were as follows: 
for mixed salt: VN = 2 1.164 eo.ooosz7J'I', 
VN= -4.505 + 25.689 e0'00062"'' 
[Eq . 8] 
[Eq. 9] 
where VN was the nitrification rate in mg-N kg·' d' 1 and'¥, was osmotic potential 
in kPa (R2 = 0.95 and 0.97, respectively). The primary difference between the two 
response curves was a steeper decline in nitrification rates for the K2S04 salt 
treatment. This can be seen by comparing the '1', levels where 25 and 75% 
reductions occurred: '1', = -546 and -462 kPa (25%) and '1', = -2630 and -2225 
(75%) for the mixed salt and K2S04 treatments, respectively. 
Though absolute nitrification rates may vary widely between different soils, 
the general trend in the data was consistent with observations of Stark and 
Firestone (1995). They similarly found an exponential decline of nitrification in 
response to higher K2S04 salt concentrations: VN = 15.4e0·00058"'•. Although their 
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Fig. 3. Nitrification rates versus osmotic potential as determined by 
nitrification potential assay for mixed salts and K2S04 salt treatments and 
by simulated in situ conditons using isotopic dilution for Penoyer soil. 
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intercept was lower, the decay terms were similar, falling between those seen in 
this investigation. Accordingly, they showed 25 and 75% nitrification rate 
reductions at 'I', levels of -500 and -2700 kPa. Nitrification potentials were 
estimated for 11 soils by measuring N03--N accumulation and NH4 + -N 
disapperearance (Hadas et al., 1986). Maximum rates ranged from 3.4 to 81 mg-
N kg-1 d-1 in soil depths from 0-20 em with an average of33 .8. Rice and Smith 
(I 983) reported a maximum rate of 15 mg-N kg-1 d-1• Malhi and McGill ( 1982) 
reviewed maximum nitrification rates from II different soils, which showed a 
range of 4.0 to 38 mg-N kg-1 d-1 (Justice and Smith, 1962; Sabey, 1969; Jones and 
Hedlin, 1970; Malhi and McGill, 1982). Although absolute rates apparently vary 
widely between microbial populations of different soil types, nitrification potential 
rates generally appear to exponentially decline in response to osmotic potential. 
The fact that the K2S04 treatment showed statistically greater reductions in 
nitrification rates over the mixed salt appeared to contradict previous findings . 
Darrah et al. ( 1987) concluded that NH4CI inhibited nitrification more than 
(N~)2S04, attributing the difference to the cr ion. Sindu and Cornfield ( 1967) 
indicated that Na+ is somewhat toxic to nitrification. Furthermore, K+ is generally 
regarded as a compatible solute and serves as a major osmolyte in maintaining 
intracellular turgor (Csonka, 1989). The mixed salt treatments contained as much 
as 48% NaCI on a molar charge basis; however, K2S04 solutions exhibited greater 
nitrification inhibition. Potassium concentrations in Penoyer soils are low with 
saturation paste estimates ofbetween 0 and 10 mg L-1, whereas Na+ concentrations 
are significantly greater. This suggested that nitrifying bacteria may indeed 
develop osmoregulation mechanisms specific to environmental conditions. 
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Osmotic potential had no detectable effect upon nitrification in the 15N 
isotopic dilution experiment (Fig. 3). A linear equation fit to the data showed a 
slope nearly equal to zero (I .48E-5) (R2 = 0.000 I). Similar electrolytes were used 
in both experiments, so it was unlikely that salt differences caused the absence of a 
'¥, effect. It was more likely that differences in substrate supply explained the 
disparity in '¥. effect between the nitrification potential and 15N experiments. The 
NI-4 + concentration in the soil slurries and isotopic dilution experiments averaged 
III! !JlllOI L"1 and 9. 7 )lmol L"1, respectively. In addition, because the slurries 
were shaken and had very high water contents, diffusional constraints for substrate 
supply were likely to be much lower. 
The suppression of distinct If', effects in the 15N data showed that NH4 + 
availability limited nitrification in the Penoyer soils more than '¥ ,. Other studies 
have similarly shown the dependence of nitrification on NH4 + subtrate 
concentrations (Johnson and Edwards, 1979; Lamb, 1980; Adams and Attiwill, 
1982; Vitousek and Matson, 1988; Montagnini et al., 1989). Donaldson and 
Henderson ( 1990) found that net nitrification rates were most closely correlated to 
NI-4 + concentrations. Harada and Kai ( 1968) noted that there existed a mutual 
interaction of NI-4 + and total salts in which higher NH4 + concentrations enhanced 
nitrifier sensitivity to increased salt concentrations. The present study 
demonstrated that Nl-4 + substrate limitation could completely suppress the 
exhibition of detectable '¥, effects. With the removal of NH4 + limitations, the 
nitrification potential data showed highly pronounced '¥, effects. Thus, it 
appeared that '¥ , had a secondary role to NH4 + concentration. Levels of NI-4 + as 
low as those in the Penoyer soil (2 mg kg-1) are common especially in unfertilized 
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systems. It follows that 'f', may play a secondary role in detennining nitrification 
rates under many natural circumstances. 
'f's Effects on Ammonification Rates 
The 15N~ + experiment showed a slight exponential decline in 
ammonification rates when exposed to decreased osmotic potentials (Fig. 4). The 
relationship between ammonification rates and 'f', fit the following equation: 
A= 2.637 + 1.887 e0·003168"'' [Eq. 10] 
where A was the ammonification rate (mg-N kg·' d" 1) and 'f', was osmotic potential 
(kPa) (R2 = 0.807). Gross N~ +_N consumption proceeded at a faster rate than 
ammonification, resulting in a net N~ + depletion, but followed the same general 
trend (R2 = 0.63): 
C = 4.298 + 2.10le0.003466l'l's [Eq . II] 
Because native levels ofN~ +were low relative to daily ammonification 
rates, ammonification supplied the majority of the NH4 + -N for the consumptive 
processes. Ammonification produced between 135% and 225% of the ambient 
N~ +levels found in Penoyer soil (2 mg kg.1) each day. Because the majority of 
substrate NH4 + in the soil was derived from ammonification, consumption would 
not be predicted to be sustained at higher rates than ammonification. After 
reserves of soil N~ + are depleted, steady-state consumption rates should 
approximate ammonification. 
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Fig. 4. Relationship between osmotic potential and ammonification and NH/ 
consumption rates for Penoyer soil. 
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The data showed that while a'¥, effect was exhibited in the range ofO to 
-500 kPa, ammonification rates over much of the range were independent of'¥,. 
The decline in ammonification rates may have resulted from decreased carbon 
oxidation. Carbon oxidation, as reflected in the evolution of C02, has been shown 
to decline exponentially in response to 'I'w stress (Bartholomew and Norman, 
1946; Johnson and Guenzi, 1963; Miller and Johnson, 1964; Singh et al., 1969; 
Wildung et al., 1975). However, these studies showed the magnitude of C02 
decline was steepest in the range of 0 to -1500 kPa. Ammonification rates, in the 
present study, showed 33% declines between potentials ofO to -500 kPa but 
became independent of'¥, at potentials below -500 kPa. The discrepancy may be 
due to the relative proportion of the organic-N assimilated. Harris (1981) found 
that in general '¥ w stress tends to retard assimilation and favor NH4 + 
mineralization. While the decline in ammonification rates may have resulted from 
decreased carbon oxidation, the response of ammonification rates to decreased 
osmotic potential was not as pronounced as might have been expected based upon 
carbon oxidation declines from the literature. Thus, the response of 
ammonification to'¥, may further reflect changes inN-assimilation by carbon 
oxidizers caused by osmotic stress. 
'¥,Effects on N-lmmobilization Rates 
Ammonium immobilization was determined by subtracting predicted 
nitrification rates at the mean NH4 + -N concentrations for the ammonification trial 
from measured N~ + -N conswnption rates (Fig. 5). 
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Fig. 5. NH/ immobilization rate as a function of osmotic potential calculated 
by subtrating corresponding predicted nitrification rates from NH4 + 
consumption for Penoyer soil. 
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The NH.t + immobilization rate in response to salt stress was expressed in the 
following equation: 
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lA = 0.097 + 0.592 eO.OOJ<I6U'I's, [Eq. 12) 
where lA was NH.t + immobilization (mg NH/-N kg·1 d' 1) and '+'s was osmotic 
potential (kPa). Ammonium immobilization was shown to decline to a constant 
background of 0.097 mg NH.t + -N kg'1 d-1• However, this may in fact be an artifact 
of methodology. The curve fit to predicted nitrification rates (R2 = 0.51) could 
have been slightly altered to force NH.t + immobilization to an intercept of zero 
without greatly impacting the coefficient of determination (R2 = 0.49) and with no 
statistical difference between the two curves (p = 0.88). 
Nitrification accounted for the vast majority ofNH4 + consumption, which 
suggested a competitive advantage of nitrifying microorganisms at the low NH4 + 
concentrations of the Penoyer soil. Immobilization at its maximum comprised 
only 9% of the total NH4 + consumption, and this function declined with decreased 
ll's (Fig. 6). Nitrification was at least 91% of the total NH/ consumption, 
regardless of't's. Ammonium oxidizers appeared to be far better competitors for 
available NH4 + substrate. The nitrifying populations are dependent upon NH4 + as 
an energy source for survival, which would likely necessitate an increased affinity. 
Nitrifiers also may be localized in areas of high NH/ concentration such as the 
surfaces of clay particles or at sites of ammonification. Still, heterotrophic NH4 + 
consumers are in general much more abundant in numbers. Therefore, the fact 
that nitrification exceeded immobilization rates may further reflect the limiting 
nature of NH.t + in Penoyer soils where any competitive advantage would be 
amplified. 
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Fig. 6. The percentage ofNH/ consumption resulting from nitrification and 
immobilization as a function of osmotic potential for Penoyer soils. 
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Nitrate immobilization displayed a very similar relationship to that ofNH/ 
immobilization as expressed in the equation: 
[Eq. 13] 
where IN was N03- immobilization (mg-N kg-1 d- 1) and 'Y, was osmotic potential 
(kPa) (R2 = 0.42) (Fig. 7). No plants were growing in the soil, and denitrification 
pathways were not responsible for consumed N03- (evidence for this conclusion 
will be offered in following discussions). Thus, consumed N03- resulted from 
microbial immobilization. 
Rates of assimilation of N03- and NH4 + indicated that N03- was taken up in 
greater amounts than N~ +. Nitrate assimilation was more than four times greater 
than NH/ at the highest osmotic potential('¥,= -62 kPa). However, absolute rate 
differences declined as 'Y, decreased. Despite differences in absolute rates, both 
N~ + and N03- uptake showed similar responses to 'Y, where 50% reductions in 
immobilization rates occurred at osmotic potentials of -200 and -285, respectively. 
Furthermore, at 'Y , = -1500 kPa both showed rates very near zero(< 0.098 mg-N 
kg-' d-1). 
Nitrate immobilization rates in excess of N H4 + seemed to contradict the 
widely held tenant that microbes preferentially assimilate NH4 +. However, 
examination of immobilization rates relative to pool sizes showed a clear NH4 + 
preference. When rates were weighted for their respective source concentrations, 
NH4 + assimilation was shown to be three to four times greater (Fig. 8). Nearly 
25% of the NH/ pool was immobilized daily at the highest 'Y, which compares to 
only 7% for N03-. 
4.5 
4.0 
3.5 
-
'a 
3.0 
"'eo 
-"' 
:<t 2.5 / "" g ~ 2.0 ~ 1.5 1.0 NO,- Immobi1i7.a tion 
0.5 
0.0 -1-~T~~=='F'==t===~~------t~----r~-----+~-"-t-~~ 
-2000 -1800 -1600 - 1400 -1200 -1000 -800 -600 -400 -200 
'1', (kPa) 
Fig. 7. Measured N03- immobilization rates in response to osmotic potential 
from a 15N03- enrichment experiment for Penoyer soil. 
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While NH.t +may be the preferred N-source of heterotrophic N-consumers, 
the assumption that N03- consumption is neglible may be inaccurate in many soil 
systems. The observed N03- immobilization rates clearly showed that substantial 
N03- assimilation occured when NH.t +was limited. Even in conditions of high 
NH.t +concentration in soil slurries, appreciable N03- assimilation has been 
observed (Rice and Tiedje, 1989). Moreover, N03- levels in agricultural soils are 
often substantially greater than NH.t +. Thus, while the data did show NH.t + to be 
preferred, assuming N03- assimilation to be neglible may be incorrect. 
'1', Effects on Growth Versus Energy-Producing Transformations 
Osmotic potential appeared to differentially affect growth and energy-
producing N-transformations. Nitrification, ammonification, and NH.t + and N03-
immobilization all showed exponential decline patterns in response to greater 
solute concentration (Figs. 3, 4, 5, and 7, respectively). However, immobilization 
rates were completely inhibited, whereas nitrification and ammonification rates 
were relatively high, even at low osmotic potentials. 
Ammonification and nitrification are both tied to energy-producing 
processes in which the biological oxidation of carbon or NH4 + sustains life and 
growth. Immobilization is the microbial N-assimilation for new protein fmmation 
and is related to cellular growth or reproduction. Harris (1981) showed that 
microbial growth rates exhibited an initial lag period in response to increasing '¥ w 
stress after which growth resumed to some degree, depending upon the intensity of 
the '¥ w shock. There was, however, a theoretical '¥ w stress maximum where 
growth stopped and either survival mechanisms or microbial death proceeded. 
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Cellular energy is essential for survival. Even under diminished or no-growth 
conditions, appreciable energy levels must be maintained. The sharp decline ofN-
immobilization rates to near zero supports the conclusion that growth virtually 
ceased at an osmotic potential between -1000 and -1500 kPa (Figs. 5 and 7). In 
spite of this, appreciable rates of ammonification and nitrification persisted (Figs. 
3 and 4), which may have reflected essential maintenance energy requirements in 
the absence of growth. Thus, it appeared that the magnitude of the '+', effects upon 
nitrogen transformations was related to function. Energy-yielding reactions 
declined toward a constant but significant background level, whereas growth-
oriented consumption was completely inhibited. 
A differential effect of'+', upon growth and energy-producing reactions was 
consistent with the relationship between net N03- production (net nitrification) and 
gross nitrification rates (Fig. 9). Net N03- production increased with decreased 
'+' ,. Gross nitrification rates remained constant over the same osmotic potential 
range. The differences in response to'+', were statistically significant (p = 0.003) 
and resulted from declining N03- immobilization rates as previously discussed. 
Had net production been used to approximate nitrification rates in this experiment, 
it might have been concluded that nitrification rates increased as a function of 
decreasing osmotic potentials. 
The volume of work where net N03- production was used as the measure of 
nitrification is too great to cite. In some cases the assumption that net production 
approximates nitrification may have been valid for the particular experimental 
design. Pure culture systems would in general possess no heterotrophic N-
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Fig. 9. Net N03- production and nitrification rates as functions of solute 
potential for Penoyer soil. 
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consumers. In some studies the NH4 + concentrations were increased or the soi l 
already contained sufficient quantities to inhibit N03- immobilization. Still , net 
N03- production shows the cumulative effect of several processes and may not 
accurately reflect nitrification rates in soils. Therefore, 15N isotopic dilution 
estimates may be more accurate when specifically determining gross nitrification 
rates . 
'1', Effects on N20 Production 
The production ofN20 increased linearly in response to higher salt 
concentrations (Fig. 10). Nitrous oxide production rates were nearly seven times 
greater at the lowest '1', than at the highest. Had denitrification been responsible 
for the consumed N03- (Fig. 7), then N20, one of the potential products, should 
have shown a similar exponential decline in response to salt stress. Furthermore, 
for denitrification to have accounted for all of the N03- consumption at '1', = -62 
kPa, the rate ofN2 evolution had to be 50,000 times greater than that for N20. 
Accordingly, it appeared unlikely that denitrification could account for the 
relatively high N03- consumption rates . 
The cause for the increased rate ofN20 evolution may be related to 
nitrification rather than denitrification. Average rates of N20 produced from each 
'1', treatment were correlated with average net N03- production rates (R2 = 0.92) 
(Fig. II). Nitrate concentrations did increase with increasing net production rates, 
which could suggest that N03- may be limiting potential denitrification_ However, 
despite having only 60% of the N03- concentration, the 15NH/ -enriched 
experiment showed higher overall N20 evolution than the 15N03- trial (Fig. 10). 
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Fig. 10. Nitrous oxide evolution rates for 15NH/ and 15N03- trials in response 
to osmotic potential. The two lines are not significantly different in slope or 
intercept (p > 0.05). 
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This suggested that the amount ofNH/ rather than N03- played a controlling role. 
Although the higher N20 production in the 15NH4 + trial was not statistically 
significant, an N~ + dependence would tend to indicate that nitrification, rather 
than denitrification, was the N20 source. 
Gross nitrification rates did not increase in response to If', (Figs. 4 and I 0), 
as did N20 production, apparently contradicting the conclusion of nitrification as 
the N20 source. Nitrification rates were calculated without distinguishing between 
the N03- and N02- pools because N02- concentrations in the 2-M KCI extracts 
were below or very near detection limits. It is plausible that decreased osmotic 
potential caused an uncoupling between the NH4 + and N02- oxidation reactions. 
Such an uncoupling could have resulted in increased N02- concentrations in 
response to higher salts. All of the proposed mechanisms for nitrification N20 
production involve N02- as the source or involve intermediaries in the oxidation of 
N~ + to N02-. Other environmental factors, such as temperature extremes (Justice 
and Smith, 1962) and low pH (Alexander, 1965), have caused a differing response 
inN~+ and N02- oxidation rates. Harada and Kai ( 1968) concluded that N03-
formation was inhibited more strongly than N02- at higher concentrations of both 
Nl-14 + and total salts. Therefore, nitrification N20 production may have occurred 
but was undetected in the absence ofN02- concentration data. 
Bremner and Blackmer (1981) reviewed evidence for the conclusion that 
nitrification is a major producer ofN20: Highly aerobic soils where 
denitrification is inhibited still show N20 evolution; emissions ofN20 are strongly 
correlated with Nl-14 + -N contents and are stimulated by Nl-14 + addition; emissions 
are not significantly correlated with N03"; nitrification inhibitors prevent 
stimulation ofN20 emissions; even under saturated conditions higher 
concentrations of nitrifiable-N promote N20 production. Increased N20 
production in the 15NI-4 +-enriched soils was consistent with the findings of 
Bremner and Blackmer (1981 ). Therefore, the source ofN20 was likely the 
nitrification pathway. 
Exchangeable Versus Soluble NH/ 
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CHEMSUB (Dudley and Hanks, 1991) predicted the fraction of NI-4 + in 
solution to the total KCI extractable NI-4 + in the soil as a function of 'I', (Fig. 12). 
The total KCI extractable NI-4 + -N concentration was input into the model along 
with corresponding '1', treatment equilibrium salt concentrations. The model was 
allowed to reach steady-state conditions, and the NH4 + was proportioned between 
the exchange and solution phases. The ratio ofNI-4 + in solution was calculated by 
dividing the solution concentration at steady state by the total KCl extractable 
NJ-4+. 
The NI-4+ selectivity coefficient, K(NH
4
), was approximated by the K(KJ· 
Accordingly, a sensitivity analysis was performed to evaluate possible error 
introduced. Changing the total NH4 +concentration initially put into solution by an 
order of magnitude in either direction did not change the solution ratios. The only 
factors that caused shifts in the NH/-'1', relationship were alterations of the K(NH
4
J 
(log ~H4) = 4.58) and ~Ca) (log ~Ca)= 4.03) exchange coefficients. Calcium 
was the competing cation, occupying 70% of exchange sites. Lowering K(ca) 
caused more Nf-4 + to move onto the exchange. A proportional rise in the K(N1-14> 
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Fig. 12. Model predictions for the fraction of KCI extractable NH/ that will 
be in solution at 8m=0.25 for the Penoyer soil as a function of osmotic 
potential. 
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had the same effect. Thus the ultimate cause for the effects of both of the 
exchange coefficients was the binding strength of NH4 + relative to Ca2+ (l<o;H4J I 
~Ca) ). Increases in l<o;H4) I ~Ca) decreased the relative amount ofNH4 \sol) and 
reduced the curvature of the NH/csoiJ versus the osmotic potential relationship 
(Fig. 12). Conversely, decreases caused a greater fraction of NH4 + in solution and 
increased curvature. Doubling of the NH/ binding affinity (log KcNH4) + 0.3) 
caused from 33% ('!', = -50) to 41.3% ('!', = -1800) reductions in the fractions of 
NH/ csol)· Halving the NH/ affinity increased fractions from 54% to 60%. If the 
NH/ exchange affinity approximation from Robbins' (1980) K+ was off by a 
factor of two in either direction, the fraction ofNH/csoiJ would at the maximum be 
in error by 9 ).UTIOI L-1• Baugeworst and Kamphorst ( 1982) showed that within a 
single soil that N~ + and K+ selectivity coefficients were nearly equal. Therefore, 
the suspected error introduced by the potassium approximation should be much 
lower than 9 ).UTIOI L-1• 
As the concentration of other cations increased, greater competition for 
exchange sites caused more of the NH/ to remain in solution (Fig. 12). The 
relationship describing the fraction ofNH4 +(sol) to NH4 +(tot) as determined by 
extraction in 2-M KCI was: 
NH/csoiJ = -0.0151 + 0.007 * LN (-'!',) 
NH/ctotJ 
[Eq. 14] 
Differences were appreciable with 2. 74 times more NH4 + at the highest salt 
concentration than at the lowest ('!',= -1761 and -62 kPa). 
Because more of the ambient soil NH/ remains in solution in response to 
increased salts,'!', may play a conflicting role in determining nitrification rates. 
When soil ~ + levels are limiting, higher solute concentrations will cause more 
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N~ + to be available for nitrifiers. However, high solute levels will 
simultaneously disrupt the physiological reactions of nitrifying microorganisms. It 
seems likely that the extent oflf', effects will depend upon the magnitude ofN~+ 
limitation. Therefore, the negative physiological effects of If', on nitrifying 
bacteria may be offset to some extent by increased N~ + availability. 
Nitrification Model 
The nitrification potential and 15N data were fit to a Michaelis-Menten 
model (Fig. 13). The best-fit relationship was expressed by the following 
equation: 
V N = 21.68eo.ooosoJ'I', • S ' 
39.7 + s 
[Eq. 15] 
where VN is nitrification rate (mg-N kg·' d"1), If', is osmotic potential (kPa), and S 
is the NH/ substrate concentration (~-UT~ol NH/ -N L"1) (R2 = 0.963). Analysis of 
the residual etTor showed no apparent bias with respect to the nitrification 
potential data. A systematic bias was shown with respect to If', for the data from 
the 15N experiment (low N~+ concentration) (Fig. 14). The predictions of 
equation 15 at lower N~ + concentrations tended to underestimate nitrification 
rates at the lowest and highest If', levels, while overestimating at the intermediate 
potentials. Attempts to correct for bias showed that necessary changes in the V max 
parameters radically worsened the residual sum of squares for the entire data set. 
Allowing the Km value to fluctuate as a function of If', did correct the error while 
improving the overall fit (Fig. 15). The relationship between Km and 'I', was 
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Fig. 13. Predictions of nitrification rates as a function of NH/ substrate in the 
soil solution at variable osmotic potentials taken from a model of measured 
data fitted to Michaelis-Menten kinetics. 
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Fig. 15. The necessary response of Km values to osmotic potential for 
correction of suspected bias in the nitrification model. 
57 
58 
represented by the equation: 
K, = -0.061 + (4.33E-05 * '¥,) + [0.21 * LN (-'¥,)) , [Eq. 16] 
where Km was in units of lffiiOl L-1 and 'P, was osmotic potential (kPa). This 
change in Km as a function of'¥, could not logically be explained, so further 
discussion concentrates on the uncorrected model. Still, for the purposes of 
simulation modeling where substrate N~ + levels are likely to be low and accuracy 
in estimation must be high, equation 16 may be appropriate. 
The Km determined in this investigation fell within the range of values 
reported in the literature. The Km parameter as fitted for the uncorrected model 
was estimated at 39.7 lffiiOl N~ + -N L-1• Stark (1991) reported Km values between 
1.5 and 40 lffiiOl N~ + -N L-1 for soil slurries and from 90 to 820 Jlmol NH4 +_N L-1 
in liquid cultures. Other Km values from liquid cultures were between 70 and 700 
lffiiOl NH/ -N L-1 (Focht and Verstraete, 1977) to as low as 0.1 lffiiOl NH/ -N L-1 
in ocean waters (Henriksen and Kemp, 1988). Nishio and Fujimoto (1990) 
reported a Km in soil of 0.86 mg kg·1 KCl extractable N~ + -N, which compares to 
4.98 mg kg-1 KCl extractable N~ • -N for this study. 
As previously discussed, solution N~ + concentrations are a function of 'P, 
(Fig. 12). Therefore, it is useful to examine the effects of 'P, on nitrification rates 
at different substrate concentrations with NH4 + expressed on an equivalent soil 
mass basis rather than a solution volume basis. 
When substrate N~ + concentration was considered on an equivalent soil 
mass basis, the predicted effect of osmotic potential at varying soil NH4 • 
concentrations was shown (Fig. 16). The conversion of the soil mass 
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Fig. 16. Predictions of nitrification rates as a function of osmotic potentials at 
varying KCI extractable soil NH/ concentrations. 
concentrations to solution concentrations was accomplished by converting the 
N~ +(tot) to molar units, multiplying by equation 14, and dividing by the soil 
moisture content: 
S = CA *1000/14 * (-0,0151 + 0.007 * LN(-'f',)] * 118m [Eq. 17] 
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where Sis the NH/ concentration for equation 15 (~ol N~ + -N L"1), CA is the 
concentration ofN~ + on a soil weight basis (mg 2 M KCl extractable N~ + -N kg-
1 dry soil),'!', is osmotic potential (kPa), and em is the soil moisture (L kg-1) (the 
density of soil solution assumed to be I L kg-1 ). The effect of 'f', was slight at 
0.14 mg-N kg-1 (10 ~ol-N kg-1) where N~+ concentrations are predicted to 
severely restrict nitrification rates and suppress osmotic effects. However, as soil 
N~ + concentrations increase, nitrification rates at higher osmotic potentials show 
greater relative increases than at lower osmotic potentials. Therefore, as the N~ + 
concentration control of nitrification rates is eased, osmotic potential restrictions 
on nitrification are predicted to increase. The dip in nitrification rates at highest 
osmotic potentials results from dilution of the soil solution and greater binding of 
NH4 + on the exchange. Based upon the previously discussed residual error 
analysis of equation 15 (Fig. 14), such declines at the highest osmotic potentials 
may be overpredicted. It was stated previously that nitrifiers appear to concentrate 
in zones ofN~ + accumulation or in areas of active ammonification. It is probable 
that active nitrification depletes solution N~ + levels in these regions. It is also 
probable that some of the ammonified NH/ will move to the exchange before it 
can be taken up by nitrifYing organisms. Therefore, it is reasonable to expect that 
the highest osmotic potentials will restrict the movement of exchange N~ + to 
solution more than lower osmotic potentials. Thus, some negative impact upon 
nitrification rates would also be expected. 
Evaluation of Data 
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Because the preceding experiments were performed in vitro, there is some 
question as to the broader application of these findings to field conditions. The 
soil was collected and frozen within 24 hours of sampling, which was likely to 
prevent significant biological activity and prevent significant changes in theN-
pool sizes. However, the disturbance of the soil and subsequent sieving prior to 
the studies probably increased organic-C concentrations in the soil solution. 
Increases in soluble organic-C were likely to be insignificant in the nitrification 
potential assay when compared to the inherent disturbance associated with this 
method. Organic-C levels may have affected the 15N trials. Organic-C comprised 
2.34% of the soil on a mass basis, and therefore concentrations of dissolved 
organic compounds were likely high in the undisturbed soil. Thus, it is probable 
that quantities of organic substrate were sufficiently high to cause zero-order 
kinetics in ammonification. Still, measured NH4 + consumption rates exceeded 
anunonification beyond what could be explained by NH4 + additions in the 
experiment. This suggested that the soil disturbance liberated NH4 + above ambient 
levels. Elevated NH4 + concentrations would have increased nitrification rates. 
Therefore, measured nitrification rates may have overestimated the absolute rates 
that would occur in undisturbed Penoyer soil. Still, any experimental 
enhancement of the N~ + pool was included in N~ + concentration measurements 
used during parameter fitting; therefore, the nitification model should have been 
unaffected. 
62 
The 15NH/-enriched samples showed a mean recovery of91% (standard 
deviation= 17.2%). However, the average recovery within each 'f', treatment had 
a standard deviation of 8.2%. This suggested that an incomplete mixing of 1 5NH4 + 
was present at the time of enrichment. The 15N03- had a mean recovery of I 0 I% 
(standard deviations= 4.9%). 
Davidson et al. ( 1991 ) found percent recoveries from laboratory trials on 
soils ranging from 21.4 to 90.9% for 15NH/ and 68.8 to 83.4% for 15N03-. They 
attributed the relatively low 15NH/ recoveries to a rapid fixation by abiotic 
processes and corrected for low recoveries in their final rate estimates. The high 
degree of recovery in this study would tend to validate the 15N atom percent 
estimates and therefore the rate estimatioms derived from them. 
Individual diffusion percent recoveries were also figured for the data: 
D R% = 15N Measured (Mass Spectrometer) (Eq. 17] 
15N Predicted (Cone. * Vol. Diffused). 
The 15N03- diffusions showed a mean diffusion recovery of 89.4% (standard 
deviation = 12%). The 15NH/ recoveries were separated into two categories 
because the diffused masses differed, 40 and 9 )..lg. Some 78.2 and 100.8% of the 
15NH/ was recovered (standard deviations = 13.6 and 17.7%, respectively). 
Potential sources of deviations from I 00% could have resulted from error in 
estimation of solution strength, incomplete volatilization of dissolved 15N, 
incomplete condensation upon the disc, loss of crystalized 15N during sample 
handling, or error in standard masses. No diffusion recovery data could be found 
in the literature for comparative purposes. Still, despite the potential sources of 
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error, recoveries seemed reasonable. Furthermore, unless fractionation occurred, 
the isotope ratios following even incomplete recovery should accurately represent 
the actual ratios in the samples and should thus not impact interpretation of the 
data. The data for the 15N03- and 15NH4 +trials used for the derivation of rate 
estimates appear in Tables A5 and A6, respectively. 
Summary 
There was a clear effect of high solute concentrations upon nitrification. In 
shaken soil slurries where N~ + concentrations were elevated, nitrification rates 
exponentially declined in response to decreased osmotic potential using both a 
mixed salt and single salt solution (K2S04). Sodium or cr toxicity was not 
observed. Conversely, K2S04 solutions inhibited nitrification more strongly than 
did a mixture of salts, suggesting that microorganisms adapt to specific 
environmental salt conditions. 
In soils at or near field capacity with ambient soil N~ + concentrations, 
nitrification rates were independent of osmotic potential. The differences in 
response to osmotic stress for the slurry and field capacity soils were attributed to 
the differences in N~ + substrate quantities. Ammonium limitation prevented the 
exhibition of distinct salt effects. It was concluded that osmotic potential plays a 
secondary role toN~+ concentration in determining nitrification rates within 
Penoyer soils, and perhaps other soils where NH4 + substrate is limited. 
Ammonification rates declined exponentially as a function of decreased 
osmotic potential. The magnitude of the decline was greatest between 'I', values 
of 0 and -500 kPa but remained fairly constant at 'I', levels between -500 and 
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-1762 kPa. Between 1.35 and 2.25 times the ambient concentrations of soil NH4 + 
were ammonified daily. Therefore, NH4 + consuming reactions will likely be 
dependent upon and thus a function of ammonification in this soil. Evidence for 
this came from N~ + consumption rates. Although absolute rates were greater 
than ammonification rates, osmotic effects on N~ +consumption followed the 
same general trend. Furthermore, because the osmotic effect upon ammonification 
occurred only in a limited '¥, range, both ammonification and nitrification in the 
Penoyer soil were largely independent of the ionic strength of the soil solution. 
Immobilization rates of both NH/ and N03- exponentially declined as salt 
stress increased. Absolute rates ofN03- immobilization exceeded those ofN~ + 
by a factor of four, indicating that under NH4 +-limited conditions, substantial N03-
assimilation occurred. The impact ofN03- immobilization became apparent when 
comparing nitrification with net N03- production rates. Nitrification remained 
essentially constant in response to osmotic pressures while net N03- production 
increased. 
The net change in the N03- pool has often been used to approximate 
nitrification where N03- immobilization was assumed to be neglible. This 
assumption may be valid for many circumstances; however, in soils where N~ + is 
limiting and both organic and N03- substrates are plentiful, appreciable quantities 
ofN03- may be assimilated. 
Although N03- immobilization exceded NH4 +immobilization, the 
generalization that N~ + is the preferred N-source was in fact supported by this 
study. Immobilization rates relative to the respective pool sizes clearly favored 
NH4 +assimilation. However, because N03- was more abundant, microbes 
immobilized more N03--
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All of theN-transformation rates displayed at some level exponential 
decreases in rates as a function of lower osmotic potentials. However, nitrification 
and ammonification differed from N-immobilization in that the asymptote 
converged on a rate significantly higher than zero within the range of 'P, tested in 
this study. These are energy-yielding reactions supplying both growth and 
maintenance demands of the microorganisms, whereas immobilization for the most 
part provides N for growth. The presence of appreciable nitrification and 
ammonification in the absence of assimilation likely resulted from the cessation of 
growth with sustained survival energy production. Such a differential response in 
growth versus energy-yielding reactions may result from many stress factors, and 
thus a direct measure ofN-transformation rates, like isotopic dilution, may be 
superior, particularly when establishing cause-effect relationships. 
Nitrous oxide production rates increased linearly as osmotic potential 
declined. Nitrous oxide emissions from the 15N~ +trial were greater than the 
15N03- trial despite possessing lower N03-Ievels. This indicated that NH4 +rather 
than N03- concentration was a controlling factor. Because of the NH4 + 
dependence and N03- independence, nitrification appeared to be the source of the 
evolved N20 rather than denitrification. 
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Table Al. Measured 'l'w for the osmotic and nitrogen treatments showing 
mean values by salt treatment, 95% confidence intervals, and the mean '¥, 
calculated by subtracting the mean 'I'm (determined by tensiometer) from 
the mean 'l'w. 
Water Potential 
Osmotic Nitrogen Treatment 'l'w 95% '1', 
Treatroent NH; NO) Mean Conf. Int. Mean 
-kPa -kPa -kPa -kPa -kPa 
0 -96 -56 -100 18 -62 
-120 - 107 
-109 -112 
-200 -278 -305 -289 13 -251 
-295 -297 
-262 -295 
-400 -481 -442 -461 21 -423 
-493 -450 
-474 -425 
-600 -660 -743 -671 36 -633 
-692 -609 
-672 -651 
-1000 -1096 -916 -1016 49 -978 
-999 -1040 
-1047 -995 
-1700 -1737 -1844 -1799 40 - 1761 
-1778 -1836 
-1753 -1849 
\11 111 = -J8kPa 
Between Nitrogen Treatments p = 0. 73 +- SkPa 
Between Osmotic Treatments E < 0.00 I 
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Table A2. Measured ion concentrations in mM as determined by I. C. P. 
analysis of immiscibly displaced soil solution by salt treatment and 15N 
treatment for Penoyer soil. 
'1', " N Ca Mg Na so. Cl Tolal 
Treatment Treatment (mmoiL-1) (mmol, L-1; 
11NH; 11.89 6.49 12. 51 14.60 16. 29 94.76 
" No,- 12.52 6.26 12.16 15.3 1 15.63 95.96 
-2 15NH: 12.25 11.30 27.69 15.74 35.49 141.76 
''No,- 14.36 11.14 26.92 18.34 34.07 148.66 
-4 ''NH.+ 14.36 16.43 51.11 16.53 65.37 2 11 .11 
''No ,- 16. 19 15.13 46.9 1 18.26 59.97 206.04 
-6 ' 'NH; 16.27 2 1.63 75.77 19.82 93 .85 285 .05 
''No ,- 17.90 21.40 76.95 2 1.23 95 .02 293 .01 
-10 15NH/ 15.69 35. 12 13 1.06 24.45 157.42 439.0 1 
" No,- 18.64 33.73 127. 19 26.8 1 152.74 438.30 
-17 15NH4+ 13.87 63.3 1 229.40 45.28 261.30 735.64 
" No,- 16.68 62.13 223. 16 46.80 255. 16 729.53 
Between ' 'N Treatments p = 0.9746 
Between '1', Treatments p = 0.0002 
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Table A3. Results for a nitrification potential assay using a mixture of salts 
approximating conditions in Penoyer soil. 
Sample Measured Timc(d) Average R' Nitrification 
Treatment 'P, 0.000 0.083 0.917 1.000 NH4+ ·rime vs. Rate 
kpa --------------------mg-N N03 kg-
1
--------------------
mmol L-1 mg-N mg-N kg-' d-1 
0 -51 21.216 23.319 37.595 39.083 1.103 0.999 17.57 
Ob -51 20.263 23.786 39.7 10 42.472 1.082 0 .994 20.94 
- I -76 20.991 24.025 38.648 40.268 1.106 0.996 18.57 
-lb -76 20.730 22.972 41.826 44.595 1.083 0.999 23.36 
-2 -140 20.579 23.484 39.994 42.320 1.121 0 .998 20.95 
-2b -140 21.112 22.572 37.775 40.3 14 1.133 0.998 18.81 
-3 -191 20.354 21.872 35.735 37.476 1.067 1.000 16.92 
-3b -191 19.98 1 22.141 39.878 41.702 1.045 1.000 21.54 
-4 -326 20.311 21.983 36.800 38.586 1.018 1.000 18.07 
-4b -326 19.946 21.414 35.696 37.920 1.101 0 .999 17.63 
-5 -435 20.575 22.93 1 33 .902 35.361 1.142 0.996 14.12 
-5b -435 20.254 21.498 35.908 37.882 1.126 0.999 17.49 
-6 -549 20.196 21.450 34.666 36.309 1.060 1.000 16.01 
-6b -549 20.041 21.285 34.334 36.392 1.056 0.999 16.07 
-8 -744 19.594 20.683 32.609 33 .999 1.093 1.000 14.37 
-Sb -744 18.901 21.290 33.992 35.742 1.081 0.997 16.19 
-1 0 -903 19.333 20.526 31.244 32.889 1.109 0.999 13.27 
-JOb -903 18.949 21.289 31.563 33 .241 1.107 0 .994 13.49 
-12 -1042 18.612 19.996 29.671 30.979 1.1 24 0.999 12.06 
-12b -1042 19.181 20.186 29.942 31.057 1.125 1.000 11.81 
-IS -1327 20.524 20.499 29.229 30.277 1.146 0 .995 10.05 
-ISh -1327 19.522 20.523 30.143 30.9 11 1.139 1.000 11 .45 
-17 -1410 19.573 20.530 28.223 29.244 1.1 48 0.999 9.49 
-17b -1410 19.425 21.048 30.791 31.383 1.138 0.998 11.85 
-20 -1795 20.031 20.509 27.616 28.450 1.160 0 .999 8.46 
-20b -1795 19.465 20.471 28.216 29.439 1.1 53 0.999 9.70 
-24 -2 168 19.800 18.522 23.929 24.791 1.177 0.943 5.61 
-24b -2168 18.986 19.320 24.821 24.897 1.173 0.996 6. 19 
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Table A4. Results for a nitrification potential assay using K2S04 salts at 
varying molarities in Penoyer soil. 
Sample Measured Timc(d) R' Nitrification 
Treatment 'f', 0.000 0.083 0.917 1.000 Time vs. Rate 
MK2S04 kpa ---------------mg-N N03 kg·'--------------- mg-N mg-N kg·' d- 1 
0 -77 21.070 21.286 36.238 39.163 0.993 18.03 
0 -77 21.556 22.550 38.672 39.802 0.999 18.70 
0.075 -530 21.230 21.536 36.575 37.910 0.997 17.24 
0.075 -530 20.937 22.335 35.285 37.832 0.997 16.34 
0.15 -811 20.730 21.290 31.435 33.141 0.997 1231 
0.15 -811 19.810 20.878 31.246 32.102 1.000 12.35 
0.225 -1124 19.521 19.753 25.753 25.990 0.997 6.77 
0.225 -1124 19.624 19.955 26.220 26.937 0.999 7.40 
0.3 -1458 19.951 19.432 23.210 23.709 0.974 4.08 
0.3 -1458 17.732 19.348 22.857 23.070 0.964 4.88 
0.375 - 1861 19.584 19.430 21.902 21.835 0.981 2.54 
0375 -1861 19.439 19.718 21.686 22.458 0.977 2.75 
0.49 -2556 18.577 18.319 18.660 18.767 0.606 0.28 
0.49 -2556 17.612 17.979 18.493 18.591 0.928 0.83 
0.6• 
-3215 22.441 20.084 20.785 20.733 0.123 0.00 
0.6* -3215 23.142 20.387 21.299 19.668 0.321 0.00 
• Indicates Exceeded Saturation 
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Table AS. Data for the 15N03- trial used for rate estimation as a function of 
osmotic potential in Penoyer soil. 
No,- No,- Ho HI Gross Gross Net 
Sample 'l'w T=O T=2 T=O T=2 Nitrif. Cons. Prod. 
kPa - mg-Nkg-1 - o/oiSN %1sN -- mg-N kg·' d-1 
NO a -<i2 35.79 39.27 38.0% 34.4% 1.89 0.15 1.74 
NOb -<i2 37.99 39.27 42.3% 32.7% 5.02 4.38 0.64 
NOc -<i2 36.82 39.66 41.0% 33.3% 3.96 2.54 1.42 
N2a -251 36.17 40.15 38.4% 34.6% 2.02 0.03 1.99 
N2b -251 36.83 40.05 39.9% 33.8% 3.19 1.58 1.61 
N2c -251 36.52 39.51 39.8% 32.6% 3.80 2.30 1.50 
N4a -423 36.72 41.18 38.2% 32.8% 2.98 0.75 2.23 
N4b -423 37.60 41.06 39.6% 34.3% 2.82 1.10 1.73 
N4c -423 36.52 40.31 38.1% 32.8% 2.89 0.99 1.90 
N6a -<i33 37.16 40.09 37.9% 33.8% 2.23 077 1.46 
N6b -<i33 36.54 41.67 38.8% 34.7% 2.56 000 2.56 
N6c -<i33 36.10 40.68 37.1% 31.6% 3.02 0.73 2.29 
N!Oa -978 36.70 41.98 38.7% 34.0% 2.64 0.00 2.64 
N!Ob -978 36.29 41.47 37.3% 33 .3% 2.59 0.00 2.59 
N!Oc -978 37.04 41.45 40.4% 33.4% 3.76 1.56 2.20 
Nl7a -1761 37.26 43.09 38.7% 35.0% 2.92 0.00 2.92 
Nl7b -1761 35.57 42.21 37.4% 32.5% 3.32 0.00 3.32 
Nl7c -1761 35.89 43.11 39.1% 32.5% 3.65 0.04 3.6 1 
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Table A6. Data for the 15NH/ trial used for rate estimation as a function of 
osmotic potential in Penoyer soil. 
NH/ NH,+ Ho HI Gross Gross 
Sample 'f'w T=O T=2 T=O T=2 Ammonification Consumption 
kPa mg·N kg·' mg-N kg·' %1sN %1sN mg-N kg' 1 d-1 mg-N kg·' d-1 
AOa -62 4.361 0.853 39.4% 1.5% 3.54 5.30 
AOb -62 5.807 0.885 41.2% 1.4% 4.44 6.90 
AOc -62 3.768 1.482 41.7% 1.2% 4.36 5.50 
A2a -251 5.070 0.729 50.7% 1.5% 3.93 6.10 
A2b -251 3.967 0.925 45.1% 1.3% 3.72 5.24 
A2c -251 4.094 0.803 44.1% 1.4% 3.49 5. 14 
A4a -423 3.907 0.581 44.6% 1.3% 3.07 4.73 
A4b -423 4.196 0.623 51.0% 1.4% 3.35 5.14 
A4c -423 3.318 0.651 39.9% 1.5% 2.70 4 03 
A6a -633 3.699 0.493 46.3% 1.3% 2.82 4.42 
A6b -633 3.541 0.563 40.4% 1.6% 2.63 4.12 
A6c -633 3.778 0.554 47.8% 1.5% 2.93 4.54 
A lOa -978 3.819 0.504 43.1% 1.8% 2.61 4.27 
A!Ob -978 3.668 0.453 45.3% 1.6% 2.58 4.19 
AlOe -978 3.956 0.451 48.0% 1.7% 2.71 4.46 
Al7a -1761 3.593 0.506 46.0% 1.7% 2.57 4.12 
Al7b -1761 4.083 0.508 51.0% 1.9% 2.8 1 4.59 
Al7c -1761 4.13 0.61 49.5% 2.0% 2.94 4.70 
